Aim: This randomized, double-blind trial compared proposed biosimilar LA-EP2006 with reference pegfilgrastim in women receiving chemotherapy for breast cancer (PROTECT-1). Patients & methods: Women (≥18 years) were randomized to receive LA-EP2006 (n = 159) or reference (n = 157) pegfilgrastim (Neulasta®, Amgen) for ≤6 cycles of (neo)-adjuvant TAC chemotherapy. Primary end point was duration of severe neutropenia (DSN) during cycle 1 (number of consecutive days with absolute neutrophil count <0.5 × 10 9 /l) with equivalence confirmed if 90% and 95% CIs were within a ±1 day margin. Results: For DSN, LA-EP2006 was equivalent to reference (difference: 0.07 days; 90% CI: -0.09-0.23; 95% CI: -0.12-0.26). Conclusion: LA-EP2006 and reference pegfilgrastim showed no clinically meaningful differences regarding efficacy and safety in breast cancer patients receiving chemotherapy.
Cancer represents a substantial burden on healthcare systems, with escalating drug costs a major contributory factor [1] . Biosimilars are approved biologics in highly regulated markets that have been proven to be highly similar to a reference product with no meaningful differences in clinical performance. Biosimilars offer the potential to allow increased access to biological treatments [2] .
The development of biosimilars follows a step-wise approach including analytical comparison to the reference and iterative process development to achieve a product which is essentially the same as the reference product [3] . The clinical trials in support of this step-wise process are focused on confirming this similarity so that the totality of data reinforce that the biosimilar is essentially the same biological substance as the reference product [4] . The clinical trial reported below was c onducted to confirm the similarity of a proposed biosimilar to commercial pegfilgrastim.
The recombinant human granulocyte-colony-stimulating factor (G-CSF), filgrastim and its longacting pegylated form, pegfilgrastim, are widely used for the prevention of chemotherapy-induced neutropenia. Biosimilars of filgrastim, based on the reference product Neupogen ® , have been licensed in Europe for over 6 years and, in 2015, filgrastim (Zarxio ® ) became the first biosimilar product approved by the US FDA in the USA [5] .
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RESEaRch aRticlE Harbeck, Lipatov, Frolova et al. future science group G-CSF guidelines recommend primary G-CSF prophylaxis for patients at greater than 20% risk for FN, including patients receiving TAC chemotherapy [6, 7] . Several studies have suggested that the use of daily filgrastim may be suboptimal, with treatment started later and/or dosed for a shorter duration than recommended [6] . Compared with filgrastim, the pegylation of filgrastim results in reduced renal clearance and greater stability [8] . Pegfilgrastim has comparable efficacy and safety to filgrastim, but its longer serum half-life allows once-percycle instead of daily administration [9, 10] . The greater convenience of once-per-cycle administration may result in better compliance and improved outcomes with pegfilgrastim compared with filgrastim, including reduced incidence of febrile neutropenia (FN) and a lower risk of hospitalization [11, 12] . However, a trend for superiority of pegfilgrastim compared with filgrastim was reported in some analyses [13] .
This global, prospective randomized, doubleblind, multicenter confirmatory efficacy and safety study, PROTECT-1, was a head-to-head comparison of a proposed biosimilar pegfilgrastim (LA-EP2006) with reference pegfilgrastim (Neulasta ® ). The study was designed to show equivalence of LA-EP2006 to the reference pegfilgrastim in the reduction of duration of severe neutropenia (DSN) in breast cancer patients receiving myelosuppressive chemotherapy.
Patients & methods
PROTECT-1 enrolled patients with breast cancer receiving (neo)-adjuvant myelosuppressive chemotherapy (EudraCT number 2011-004532-58). The study was conducted in accordance with ICH Guidelines for Good Clinical Practice, the Declaration of Helsinki, and local regulations. The study protocol was approved by Independent Ethics Committees for each center. All patients provided written informed consent.
Adult women (aged ≥18 years) with histologically proven breast cancer who were eligible for either adjuvant or neoadjuvant chemotherapy with docetaxel 75 mg/m 2 , doxorubicin 50 mg/m 2 and cyclophosphamide 500 mg/m 2 (TAC regimen) were enrolled. Inclusion criteria were: Eastern Cooperative Oncology Group (ECOG) performance status ≤2; adequate bone marrow function at day 1 of cycle 1 before chemotherapy (absolute neutrophil count [ANC] ≥1.5 × 10 9 /l, platelet count ≥100 × 10 9 /l, hemoglobin ≥10 g/dl); normal total bilirubin; aspartate aminotransferase (AST) and alanine aminotransferase (ALT) level ≤2 × upper limit of normal (ULN); liver-derived alkaline phosphatase level ≤3 × ULN; creatinine ≤1.5 × ULN and for women of child-bearing potential, a negative pregnancy test within 7 days before randomization and use of an effective method of birth control. Patients were excluded for reasons including: history of chronic myeloid leukemia or myelodysplastic syndrome; history of sickle cell disease; previous or concurrent malignancies; any significant relevant medical condition and concurrent or prior anti-breast cancer treatment.
Design
After a screening period of up to 21 days, eligible patients were randomized 1:1 to either proposed biosimilar pegfilgrastim (LA-EP2006, Sandoz GmbH, Kundl, Austria) or Neulasta (Amgen BV, The Netherlands). Randomization was stratified by chemotherapy (adjuvant or neoadjuvant) and region (Europe, Asia or America). TAC chemotherapy was administered intravenously on day 1 of each chemotherapy cycle and given every 3 weeks for up to six cycles. Chemotherapy doses could be reduced by 25% in response to grade 3-4 nonhematological toxicity, grade 4 thrombocytopenia or FN. Pegfilgrastim (LA-EP2006 or reference) was administered as a 6 mg subcutaneous injection (0.6 ml in prefilled single-use syringes) on day 2 of each chemotherapy cycle (≥24 h after the end of chemotherapy). Patients were followed for a 6-month safety period from the last ad ministration of pegfilgrastim.
•
• End points
The primary efficacy end point was the mean DSN during cycle 1 of chemotherapy, defined as the number of consecutive days with an ANC <0.5 × 10 9 /l (grade 4 neutropenia). Secondary efficacy parameters were depth of ANC nadir (lowest ANC) and time to ANC recovery (days from ANC nadir until ANC increased to ≥2 × 10 9 /l) during cycle 1, incidence of FN (oral temperature of ≥38.3°C with ANC <0.5 × 10 9 /l) or neutropenic sepsis (FN/NS) by cycle and across all cycles, number of patients with fever (oral temperature ≥38.3°C) for each cycle, number of patients with infections by cycle and across all cycles, and mortality due to infection. Safety was assessed through the incidence, occurrence and severity of treatment-emergent adverse events (TEAEs), using Common Terminology Criteria for Adverse Events future science group www.futuremedicine.com (CTCAE) version 4.0. According to the study protocol, every FN episode was reported as a serious adverse event (AE). Safety assessments were performed at each visit with safety follow-up visits at 4 weeks and 6 months after the last administration of pegfilgrastim. Immunogenicity of pegfilgrastim was assessed by a validated ELISA for screening and confirmation of binding anti-pegfilgrastim antibodies, and a validated cell-based assay for the detection of neutralizing antibodies (NABs). Immunogenicity was assessed before the first administration of pegfilgrastim (LA-EP2006 or reference), on day 15 of cycle 6, and 4 weeks and 6 months after last administration.
• Statistical analysis
A sample size of 302 patients was considered sufficient to achieve 90% power for testing of equivalence (two one-sided tests) at the 2.5% significance level, assuming no difference in mean DSN between treatments with a common standard deviation (SD) of 1.6 days. The primary efficacy end point was analyzed using analysis of covariance (ANCOVA), adjusted for treatment group, region, chemotherapy and baseline ANC count. Equivalence for the difference in the mean DSN was assessed with both two-sided 90% CIs (required by the FDA) and 95% CIs (required by the EMA), with LA-EP2006 considered equivalent to reference pegfilgrastim if CIs were entirely within ±1 day. All secondary efficacy end points and safety parameters were descriptively analyzed. All statistical analyses were performed using SAS (SAS Institute, NC, USA).
The full analysis set (FAS) included all randomized patients who received ≥1 dose of pegfilgrastim with patients analyzed according to randomized treatment allocation. The per-protocol (PP) set included all patients who completed the first cycle without major protocol deviation in cycle 1. The safety analysis (SAF) set included all patients who received ≥1 dose of pegfilgrastim and had ≥1 post-baseline safety assessment.
Results
The study was conducted between June 2012 and February 2014 at 42 study sites. A total of 373 patients were screened, of whom 316 patients were randomized to treatment and included in the FAS set (LA-EP2006, n = 159; reference, n = 157). The PP set included 295 patients (LA-EP2006, n = 146; reference, n = 149). A total of 19 patients discontinued treatment in the LA-EP2006 group compared with seven patients in the reference group. The main reason for this was 'withdrawn consent' (eight vs two patients). Disposition of patients is shown in Figure 1 . Baseline characteristics of patients were balanced across treatment groups (Table 1) (Table 2 ).
• Secondary efficacy end points
No clinically meaningful differences between treatment arms were observed. Mean (±SD) depth of ANC nadir in cycle 1 was 1.10 ± 1.54 × 10 9 /l (median, range: 0.56, 0.0-8.6) in the LA-EP2006 group and 0.92 ± 1.18 × 10 9 /l (median, range: 0.46, 0.0-6.9) in the reference group, with most cases recorded on day 7. Mean number (±SD) of days to ANC recovery was also similar for patients in the LA-EP2006 and reference groups (1.58 ± 1.05 vs 1.72 ± 1.10; median of 2 days in both groups [LA-EP2006 range: 0.0-4.0; reference range: 0.0-5.0]). Time course of mean ANC was almost su perimposable for both groups (Figure 2) .
In cycle 1 and across all cycles, fewer patients treated with LA-EP2006 compared with reference pegfilgrastim experienced at least one event of FN/NS (cycle 1: n = 6 [3.8%] vs 11 [7 were similar in both the LA-EP2006 and reference groups. Two patients, both treated with r eference pegfilgrastim, died due to infections (Table 3 ). A total of 88.1 and 82.8% of patients receiving LA-EP2006 or reference pegfilgrastim experienced ≥1 TEAE during the treatment period (i.e., date of onset of or after the first administration of chemotherapy and not later than 30 days after last pegfilgrastim administration) (Supplementary Figure 1) . Type and frequency of TEAEs were similar with LA-EP2006 and reference pegfilgrastim, with the most frequent being alopecia (51.6 vs 50.3%), nausea (40.9 vs 37.6%), asthenia (39.6 vs 35.7%), vomiting (21.4 vs 21.7%) and neutropenia (17.0 vs 21.7%). TEAEs in the system organ class musculoskeletal and connective tissue disorders (including bone pain, arthralgia, myalgia, pain in extremity, back pain and neck pain) were reported in 15.1% of patients in the LA-EP2006 group and 22.9% of patients in the reference group, all of which were grade 1 or 2 in severity. A total of 42 patients (LA-EP2006 11.9%, n = 19; reference 14.6%, n = 23) had TEAEs with suspected relationship to pegfilgrastim. Serious TEAEs reported in ≥2% of patients in either treatment group were FN (LA-EP2006: 5.7%, reference: 7.6%) and neutropenia (1.9 vs 3.8%). Six patients reported TEAEs in the 6-month safety follow-up period (LA-EP2006: 2.5%, reference: 1.3%), none of which were serious. FN was reported as a serious TEAE with suspected relationship to pegfilgrastim in three patients in the LA-EP2006 group; two of these patients also had neutropenic sepsis. No patient in the reference group had any serious pegfilgrastim-related TEAE. The incidence of serious neutropenic events are reported in Table 4 .
Six deaths occurred during the study, none of which were suspected to be related to pegfilgrastim.
future science group www.futuremedicine.com Four deaths occurred in the LA-EP2006 group and two in the reference group.
No neutralizing antibodies were detected in any patient at any time point during the study. Binding antibodies against pegfilgrastim and polyethylene glycol (PEG) were detected in 20 patients (LA-EP2006, n = 7; reference, n = 13) before treatment (on day 1 of cycle 1) but only one patient (LA-EP2006 arm) was positive for anti-pegfilgrastim/PEG antibodies at the end of treatment and another patient (LA-EP2006 arm, tested positive at day 1, cycle 1) was positive at the end of 6-month follow-up.
Discussion
In this global, prospective, randomized study, LA-EP2006 was shown to be equivalent to reference pegfilgrastim (Neulasta ® ), with a difference in DSN between treatments of 0.07 days (90% CI: -0.09-0.23; 95% CI: -0.12-0.26). The DSN observed in both groups (0.75 days with LA-EP2006 and 0.83 days with reference) was lower than observed in earlier studies of reference pegfilgrastim (mean DSN of 1.3-1.8 days) [9] [10] 14] but is consistent with more recent studies which reported mean DSNs of 0.8-0.9 days with pegfilgrastim [15, 16] . This was one of two similar studies comparing LA-EP2006 with reference pegfilgrastim in patients with breast cancer (PROTECT-1 and -2). Equivalence to the reference product was also shown in the PROTECT-2 study [17] . There were also no clinically meaningful differences between LA-EP2006 and reference pegfilgrastim in any of the secondary end points. Incidence of FN was consistent with previous future science group studies of reference pegfilgrastim [9] [10] 14] . The numbers of patients with episodes of fever or with infections were similar in both groups. Both treatments were well tolerated with a safety profile as expected for patients with breast cancer receiving TAC chemotherapy [9] [10] 14] . Pegfilgrastim-related TEAEs were similar in both groups and consistent with the known safety profile of pegfilgrastim. The incidence of TEAEs in the system organ class 'musculoskeletal and connective tissue disorders' (15.1% in patients receiving LA-EP2006 and 22.9% in patients receiving reference) in this study was slightly lower than in previously randomized double-blind studies with pegfilgrastim which have reported bone pain in the range 25−37% with pegfilgrastim [9] [10] 18] .
Although fewer patients experienced FN in the LA-EP2006 group (nine vs 12 patients in the reference group across all cycles), more episodes in the LA-EP2006 group were considered to be pegfilgrastim-related (three patients, two of whom also had neutropenic sepsis versus no patients in the reference group).
None of the six deaths occurring during the study were suspected to be related to pegfilgrastim. In the LA-EP2006 arm, one patient experienced FN as a result of chemotherapy, and deteriorated into respiratory distress leading to cardiorespiratory arrest. Another patient in the LA-EP2006 arm died due to cardiorespiratory arrest. This patient had experienced severe vomiting which, together with poor food intake (over several days) and antidiabetic treatment, may have caused hypoglycemia and cardiorespiratory arrest. The third patient in the LA-EP2006 arm died due to cardiac arrest. A further patient in the LA-EP2006 arm died due to disease progression during the 6-month safety follow-up. Two patients in the reference pegfilgrastim group died, both due to infectious disease.
Immunogenicity can be a concern for any biological product and may occur in response to even seemingly small product-related differences, for example, structural alterations or impurities [19] . No neutralizing anti-pegfilgrastim antibodies were detected in the study, including at the end of the 6-month safety follow-up, indicating that LA-EP2006 had no increased immunogenic potential compared with reference pegfilgrastim. This would be expected given the low immunogenic potential of pegfilgrastim and the immunocompromised status of patients receiving myelosuppressive chemotherapy. Binding antibodies against PEG were detected in 20 patients before treatment. The common use of PEGylated products in cosmetics may have resulted in preexisting anti-PEG antibodies and could explain the higher incidence of positive anti-pegfilgrastim antibodies on day 1 of cycle 1. As with other biological drugs, ongoing post-authorization surveillance after marketing authorization of biosimilar products is required to confirm the lack of an immunogenic response.
Future perspective
Cancer represents a substantial burden on healthcare systems. Development of oncology biosimilars such as biosimilar pegfilgrastim could benefit patients by increasing access to biologic agents which has the potential to improve clinical outcomes. An example of this was shown at two hospitals, one in Germany and another in the UK, where the decision to switch from using reference filgrastim to Zarzio ® contributed to a shift in treatment practice from secondary prophylaxis to increased primary prophylaxis [20] . This experience suggests that availability of LA-EP2006 may allow preventative treatment of patients, rather than just after they have experienced neutropenic complications. MONITOR-GCSF was an international, multicenter observational study of cancer patients treated with myelosuppressive chemotherapy and receiving prophylaxis with biosimilar filgrastim (Zarzio) [21] . The study showed that in real-world use, clinical and safety outcomes of prophylaxis with biosimilar filgrastim are similar to historical data for reference filgrastim and highlighted the need to improve primary prophylaxis in patients with cancer who are at risk of FN. Biosimilars such as LA-EP2006 may become widely accepted and used, facilitating access to such supportive care treatment for patients. 
EXEcUtiVE SUMMaRY

Background
• Pegfilgrastim is widely used for the prevention of chemotherapy-induced neutropenia.
• Biosimilars offer the potential to increase access to biological treatments.
Results
• In women with breast cancer receiving TAC chemotherapy, LA-EP2006 was equivalent to reference pegfilgrastim in terms of duration of severe neutropenia in cycle 1.
• Treatment-emergent adverse events were similar across groups and no anti-pegfilgrastim neutralizing antibodies were detected.
Discussion
• LA-EP2006 met the primary end point, demonstrating equivalence to the reference.
• LA-EP2006 and reference pegfilgrastim are similar with no clinically meaningful differences regarding efficacy and safety in breast cancer patients receiving (neo)-adjuvant chemotherapy.
